In this chapter, we focus on real options models for analyzing construction, decommissioning, and replacement problems of nuclear power plants under electricity price uncertainty. The models of construction and decommissioning problems are basic models, and in real options studies, correspond to investment option and abandonment option, respectively. The model of replacement problem is an extended model, which combines construction and decommissioning options (Naito et al., 2010) . For three models, we show how uncertainty and cost affect decisions of construction, decommissioning, and replacement. The remainder of this chapter is organized as follows. In Section 2, we describe the model for analyzing construction, decommissioning, and replacement of nuclear power plants. Section 3 derives the solution by numerical calculations and provides some results of numerical analysis. Finally, Section 5 concludes the chapter.
The Model
In this section we describe the setting and the assumption of the model, and then derive economic evaluation models for construction, decommissioning, and replacement of nuclear power plants.
Model setup
The risk factor and uncertainty in the investment of nuclear power plants include construction cost, fuel cost, electricity price, decommissioning cost, litigation, unplanned shutdown, and regulatory change. In this chapter, we consider the model in which uncertainties with respect to profitability are reflected in the electricity prices, and other risks are reflected in a discount rate. Suppose that the firm is a price taker, and, its actions have no influence on the dynamics of the electricity price. Thus, for a straightforward description of uncertainty, we assume that the electricity price follows the geometric Brownian motion: dP t = µP t dt + σP t dW t , P 0 = p,
where µ is the instantaneous expected growth rate of P t , and σ is the instantaneous volatility of P t . W t is a standard Brownian motion. The capacity factor, taking into account a decreasing due to the aging, is assumed to be expressed by the following equation:
where δ is the decreasing rate. From these equations, the profit flow function of a nuclear power plant can be can be represented as follows:
where C is the operating cost that is composed of the fuel cost as well as operating and maintenance costs. To obtain the analytical solution, let us change the variable P t e −δt to X t :
Then, from Eqs.
(1) and (4), the dynamics of X t can be written as
In this model, we consider this variable, X t , as a state variable.
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Construction option
In this section, we describe the model of Gollier et al. (2005) that extends the model of McDonald and Siegel (1986) deriving the investment timing and its option value by introducing fixed construction time and project lifetime. The firm starts operating a nuclear power plant by incurring investment cost I. The value of the investment opportunity is:
where E x is expectation with respect to the probability law of X t given an initial value x, τ is the investment time, V is the set of stopping times of the filtration generated by the dynamics of X t , and ρ > 0 is an arbitrary discount rate. We must have ρ > µ in order to ensure that the firm's value is finite for L → ∞. Given the investment threshold, X * , the optimal investment time, τ * , has the following form:
Prior to determining X * and F(x), we calculate the now-or-never expected NPV, V(x), of a nuclear power plant.
where A 1 = e −(ρ−µ+δ)T (1 − e −(ρ−µ+δ)L ) and A 2 = e −ρT (1 − e −ρL ). The following differential equation, which is satisfied by the investment value, is derived from the Bellman equation (See, for example, (Dixit and Pindyck, 1994) 
where the primes denote derivatives, that is,
dx 2 . The investment value must satisfy the following boundary conditions:
Condition (10) requires that the investment option becomes zero if the cash flow is close to zero. Conditions (11) and (12) are the value-matching and smooth-pasting conditions, respectively. The value-matching condition means that when the level of X t is X * , the firm exercises the construction option, and then can obtain the net value of V(X * ). Additionally, the smoothpasting condition means that if the construction at X * is indeed optimal, the differentiation of the value function must be continuous at X t . From these conditions, we can obtain the investment value as follows,
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where β 1 is the positive root of the characteristic equation
The investment threshold is given by,
By contrast, the now-or-never investment threshold is X npv = ρ−µ+δ A 1 α 0 A 2 C ρ + I < X * , i.e., having the deferral option provides a value to waiting, which then increases the opportunity cost of investing.
Decommissioning option
We consider that a firm operates a nuclear power plant over few decades, and has the option of decommissioning. The value of the decommissioning project is:
where τ d is the decommissioning time, V d is the set of admissible stopping times, and U is the decommissioning cost. Given the decommissioning threshold, X d , the optimal decommissioning time, τ * d , has the following form:
The following differential equation, which is satisfied by the project value of the decommissioning, is derived from the Bellman equation,
The general solutions of this equation are given as follows:
where B 1 and B 2 are unknown constants, and β 2 is the negative root of the characteristic equation
The decommissioning project value must satisfy the following boundary conditions:
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Condition (21) requires that the decommissioning option becomes zero if the cash flow is very large. Therefore, from this condition, we have B 1 = 0. Conditions (22) and (23) are the valuematching and smooth-pasting conditions, respectively. From these conditions, we can obtain the decommissioning project value as follows,
The decommissioning threshold is given by,
Likewise, the now-or-never decommissioning threshold is
.e., having the deferral option provides a value to waiting, which then increases the opportunity cost of decommissioning.
Replacement option
In this section, following Naito et al. (2010), we consider the valuation of a replacement project of nuclear power plants. The replacement project consists of two components: the decision to decommission an existing plant and the decision to construct a new plant. The variable cost and the capacity factor of the existing plant are C 0 and α 0 0 , respectively, and the variable cost and the capacity factor of the new plant are C 1 and α 1 0 , respectively. We assume that the replacement leads to a decrease in the variable cost and an increase in the capacity factor, i.e., C 0 ≥ C 1 and α 0 0 ≤ α 1 0 . The value of the replacement project is:
where
, and the value of the construction project for the new plant is:
In addition, τ r is the decommissioning time of the existing plant, τ i is the construction time of the new plant, and V r is the set of the pair of admissible decommissioning and construction times. Given the decommissioning threshold for the existing plant, X r , the optimal decommissioning time, τ * r , has the following form:
Likewise, given the construction threshold for the new plant, X i , the optimal decommissioning time, τ * i , has the following form:
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The replacement option is the sequential one of decommissioning and construction. Therefore, we can solve the investment problem by working backward, i.e., by first finding the value of the construction project and then finding the value of the decommissioning project. Likewise equation (6), the value of the construction project for the new plant is:
By using the value of the construction project, we can obtain the decommissioning threshold for the existing plant and the value of the replacement project. The following differential equation, which is satisfied by the project value of the replacement project, is derived from the Bellman equation,
where B 3 and B 4 are unknown constants. The replacement project value must satisfy the following boundary conditions:
Condition (34) requires that the decommissioning option becomes zero if the cash flow is very large. Therefore, from this condition, we have B 3 = 0. Conditions (35) and (36) are the valuematching and smooth-pasting conditions, respectively. From these conditions, we can obtain the replacement project value as follows,
We can be solved for X r by means of a numerical calculation method.
Results and Discussion
As shown in tables 1 and 2, we use the following parameter values of regarding the economics conditions and nuclear power plant for our numerical examples. Although we assume a base value of σ = 0.2, allow it to vary in order to perform sensitivity analyses.
Expected growth rate of P t µ 0.01 Volatility of P t σ 0-0.5 Discount rate ρ 0.05 Initial electricity price (yen/kWh) x 8.0 Table 2 . Parameters with respect to nuclear power plant Fig. 1 . Expected NPV and investment options (σ = 0.2). The threshold prices for construction is 13.256 yen/kWh. For Expected NPV, the construction threshold is 7.954 yen/kWh.
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Construction option
In this section we show numerical examples of the model for construction option that is described in section 2.2. At the initial electricity price, x, the expected NPV is 0.428×10 4 yen/kW. On the other hand, since the option value is 13.895×10 4 yen/kW, it is optimal to wait to invest in construction (see Figure 1) . As shown in Figure 1 , at more than the initial electricity price of 13.256 yen/kWh, it is better to construct rather than to wait now.
Fig. 2. Effect of uncertainty on the investment threshold
In general real options framework, as uncertainty increases, the value of waiting also goes up. Indeed, a more volatile electricity price increases the opportunity cost of immediate action. Consequently, although the option value of the entire investment opportunity increases, the cost of killing the deferral option also increases, thereby making it optimal to delay investment. For example, if the degree of uncertainty, that is, volatility increases from 0.2 to 0.3, then the investment threshold increases from 13.256 yen/kWh to 17.542 yen/kWh (see Figure 2) . In order to increase the competitiveness of nuclear power, it is effective to decrease the construction cost (OECD, 2000) . Consequently, we analyze the effect of construction cost on the investment threshold. It can be seen from Figure 2 that as the construction decreases from 4.0×10 5 yen/kW to 3.0×10 5 yen/kW and 2.0×10 5 yen/kW, the investment threshold decreases, and consequently, the opportunity of investment increases. As volatility increases, the degree of the increase in the investment opportunity increases further. Therefore, it is found that when uncertainty is large, the effect of the decrease in construction cost on the investment decision. Furthermore, likewise the investment threshold, the investment project value have a large influence on uncertainty. Figure 3 shows the effect of volatility on the investment project value at the initial electricity price. It is found that as volatility increases, the investment project value becomes large. This is because when volatility is large, the postponement of the investment is selected, and consequently, the probability of the investment at larger level of electricity price increases. As the construction decreases from 4.0×10 5 yen/kW to 3.0×10 5 yen/kW and 2.0×10 5 yen/kW, the investment project value increases. Unlike the threshold, as volatility is large, the effect of decrease in construction cost becomes small.
Decommissioning option
In this section we show numerical examples of the model for decommissioning option that is described in section 2.3. At the initial electricity price, x, the expected NPV is -1.752×10 5 yen/kW. On the other hand, since the value of decommissioning option is 8.012×10 4 yen/kW, it is optimal to wait to invest in construction (see Figure 4) . It can be seen from Figure 4 that at less than the initial electricity price of 4.772 yen/kWh, it is better to decommission rather than to wait now. Table 3 . Effect of uncertainty on the decommissioning threshold As shown in Table 3 , as volatility is large, the threshold of decommissioning decreases. Thus, likewise the construction option, as uncertainty becomes large, the probability for the postponement of decommissioning increases. In Table 3 the effect of decrease in decommissioning cost on the threshold is shown. For example, for σ = 0.2, if the decommissioning cost decreases from 4.0×10 4 yen/kW to 1.0×10 4 yen/kW, then the decommissioning threshold increases from 4.772 yen/kWh to 4.943 yen/kWh, and consequently, the probability of decommissioning increases. We also show the effect of uncertainty on the increase in the decom- Fig. 4 . Expected NPV and decommissioning options (σ = 0.2). The threshold prices for decommissioning is 4.772 yen/kWh. For Expected NPV, the decommissioning threshold is 9.543 yen/kWh.
missioning opportunity due to decreasing the decommissioning cost. Unlike the construction option as uncertainty is large, the degree of the increase in the probability of decommissioning becomes small. Figure 5 shows the effect of uncertainty on the value of decommissioning project. Likewise the construction option, the project value increases with volatility. This is because when volatility becomes large, the postponement of decommissioning is selected, and consequently, the probability of decommissioning at smaller level of electricity price increases. Additionally, we also analyze the effect of the decrease in decommissioning cost on the project value. It is clear from Figure 5 that as decommissioning cost decreases, the project value increases.
Replacement option
In previous section, the decommissioning for existing plant is analyzed. However if the replacement project is evaluated, it is necessary to consider not only the decommissioning for existing plant but also the construction for new plant. Therefore, in this section, we show numerical examples of the model for replacement option that is described in section 2.4. As described above, at the initial electricity price, x, the expected NPV for decommissioning project is -1.752×10 5 yen/kW. On the other hand, since the option value taking into account replacement is 9.895×10 4 yen/kW, it is optimal to wait to invest in construction (see Figure 6 ). The value of replacement option is larger than that of decommissioning option, 8.012×10 4 yen/kW, and consequently, it is found that the construction investment for new plant influences the value of decommissioning project. As shown in Figure 6 , at less than the initial electricity price of X r =6.298 yen/kWh, it is appropriate to decommission, and after decommissioning, when the level of electricity price is more than X i =13.256 yen/kWh, it is appropriate to construct the new plant. The effect of uncertainty on the thresholds are presented in Figure 7 . The solid line denotes threshold in replacement option model, and the dotted and the dashed lines represent the www.intechopen.com thresholds for the expected NPV and the decommissioning option model, respectively. The threshold for expected NPV is larger than those for the replacement option and the decommissioning option, and furthermore, the threshold for the replacement option is larger than that for the decommissioning option. This means that the decommissioning decision of the existing plant should stochastically be made earlier if the firm takes into account the replacement of the new plant. Table 4 shows the effect of decommissioning cost on the threshold of replacement. It can be seen from this table that as the decommissioning cost decrease, the threshold of decommissioning increases. Thus, likewise the decommissioning option, the probability of decommissioning increases due to the decrease in decommissioning cost. Additionally, when volatility is large, the effect of the decrease in decommissioning cost on the threshold becomes small. However, for replacement option the effect of the decrease in decommissioning cost, that is, the increase in threshold due to the decrease in decommissioning cost is large compared to decommissioning option. In replacement option the incentive to decommissioning is large due to taking into account the construction of the new plant, and consequently, the effect of the decrease in decommissioning cost on the probability of decommissioning becomes large. Table 5 . Effect of uncertainty on the value of replacement project Likewise, we show the effect of decommissioning cost of the project value in Table 5 . As the decommissioning cost decrease, the project value increase. The degree of the increase is larger than that of decommissioning option. For example, for σ = 0.2, when the decommissioning cost decreases from 4.0×10 4 yen/kW to 1.0×10 4 yen/kW, then whereas the value of decommissioning option increases by 1.821×10 4 yen/kW from 7.412×10 4 yen/kW to 9.234×10 4 yen/kW, the value of replacement option increases by 2.448×10 4 yen/kW from 10.876×10 4 yen/kW to 13.325×10 4 yen/kW. Consequently, likewise the threshold, for replacement option the effect of the decrease in decommissioning cost is large.
Summary
For CO 2 emissions reduction, it is necessary to maintain adequately the nuclear generating capacity, and moreover, to discern investment decisions such as decommissioning and refurbishment for aging nuclear power plants. In the future, the increase in uncertainty is expected, and consequently, economic evaluations under uncertainty are required. In this chapter we have developed real options models to evaluate construction, decommissioning, replacement. For each problem, we show the effect of uncertainty and cost on optimal decision rules. The models of construction, decommissioning, and replacement, which are represented in this chapter, are evaluation models for each single project. However, realistically, decommissioning and refurbishment for aging nuclear power plants must be considered as a problem that concerns the entire investment decision. Therefore, extension of this chapter's model towards choice model of investment decisions such as decommissioning, refurbishment, and replacement would be warranted.
